Microscopic Description of Deeply Virtual Compton Scattering off Spin-0 Nuclei. 
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We evaluate within a microscopic calculation the contributions of both coherent and incoherent 
deeply virtual Compton scattering from a spin-0 nucleus. The coherent contribution is obtained 
when the target nucleus recoils as a whole, whereas for incoherent scattering break-up configurations 
for the final nucleus into a an outgoing nucleon and an A — 1 system are considered. The two processes 
encode different characteristics of generalized parton distributions. 
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Recent theoretical and experimental developments 
have identified a new frontier for studies of the quark and 
gluon content of hadronic systems in a class of high en- 
ergy exclusive processes. Their prototype is Deeply Vir- 
tual Compton Scattering (DVCS) Q- DVCS provides ob- 
scrvables that are most straightforwardly related to Gen- 
eralized Parton Distributions (GPDs), the new theoreti- 
cal tools introduced in H, H, 9 to describe in a partonic 
language the orbital angular momentum carried by the 
nucleon's constituents. GPDs were found more recently 
to describe also partonic structure in the transverse di- 
rection with respect to the large longitudinal momentum 
in the reaction. They are, in fact, the Fourier transforms 
of the so-called Impact Parameter dependent Parton Dis- 
tributions Functions (IPPDFs) 0. 

DVCS on a proton target, ep — > e'p7, allows one to 
unravel in principle four GPDs: the unpolarized quark 
distributions, H q (X, (, t), and E q (X, £, t), and the polar- 
ized ones, H q (X,(,t), and E q (X,(,t). The kinematical 
variables arc: P' = P — A, k' = k — A, the final nucleon's 
and quark's momenta, respectively; q, the virtual photon 
momentum, and q' = q+ A, the outgoing photon momen- 
tum. Furthermore: -A 2 = t, X = k+/P+, ( = A+/P+ 
(Fig|TJ. 1 GPDs, or the correlation functions in the dia- 
gram, correspond to "hybrid" distributions in that they 
encode properties of both Parton Distributions Functions 
(PDFs) from inclusive Deep Inelastic Scattering (DIS), 
and of the proton form factors. In the (forward) limit: 
t,C 0, H q {X,(,t) = q(x), and H q {X,(,t) = Aq(x), 
the PDFs for polarized and unpolarized DIS, respectively. 
At the same time, GPDs first moments in X are given 
by the proton Dirac and Pauli form factors in the unpo- 
larized case, and by the axial-vector and pseudo-scalar 
form factors in polarized scattering. 

The first DVCS measurements were performed at 
HERA 0,013 and at CLAS 0. Because of the presence 
of the Bethe-Heitler (BH) process producing the same 
ej»7 final state and dominating the cross sections at cur- 
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1 We use the notation: p = —=(p ± ps), with (pk) = p + k~ + 

v2 



rently available kinematics, GPDs can be obtained only 
through the interference term between the DVCS and BH 
processes. In Born approximation, one writes: 

T 2 = \T DV cs\ 2 + \T B h\ 2 +1 (1) 
Where X, the interference term, is given by, 

I = [TdvcsTbh + t dvcs t bh] (2) 

At leading order in the four-momentum transfer Q = 
(— g 2 ) 1 / 2 (twist-two), the contribution of X to the cross 
section is expressed as a finite sum of Fourier terms ^(| : 



X = K 



(cl cos(n^) 



s„ sin 



(n<f>)) 



(3) 



where K, is a kinematical factor, and (f> is the azimuthal 
angle between the lepton plane and the scattered hadron 
plane. The dominant harmonics are for n = 1, the higher 
order ones being suppressed by as Several asym- 

metries (beam spin, Alu, charge, Ac, target spin Ajjl, 
etc..) have been identified, through which one can access 
X, and probe different GPDs, or components of GPDs 
(see e.g. Q). 

GPDs were recently also measured through lepto- 
production of a photon off nuclear targets, eA — ► e'^A 
\U\ . The study of nuclear targets is particularly impor- 
tant as they provide a laboratory where additional in- 
formation can be obtained on these elusive obscrvables. 
Exploratory studies using GPDs were performed both 
on the phenomenon of Color Transparency [l2l IT3L ITij , 
i.e. on the rate of survival of small size hadronic config- 
urations as the quasi-elastically struck nucleons scatter 
through the nuclear medium, and on the "generalized" 
EMC effect i. e. on the modifications of the nuclear GPDs 
with respect to the free nucleon ones, normalized to their 
respective form factors 0, 0, . In , in particular, 
it was shown that the role of partonic transverse degrees 
of freedom, accounted for by a careful consideration of 
nucleon off-shellness, is enhanced in the generalized EMC 
effect, with respect to the forward case. In addition, a 
number of interesting relationships were found by study- 
ing Mellin moments in nuclei: the A-dependence for the 
Z?-term of GPDs was estimated within a micro scop ic ap- 
proach, and compared with the calculation of [18j using 
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a liquid drop model, and finally, a connection was made 
with the widely used approaches that relate the modifica- 
tions of "partonic" parameters such as the string tension, 
or the confinement radius, to density dependent effects in 
the nuclear medium (see e.g. fl9l | and references therein). 
These results designate nuclear GPDs as a potentially im- 
portant new tool to investigate nuclear hadronization and 
related phenomena, which are vital for interpreting cur- 
rent and future data from RHIC, LHC, HERMES, and 
Jefferson Lab. 

The qualitatively new insight offered by nuclear GPDs 
calls both for a more detailed study of the feasibility of 
experiments, and for more detailed studies aimed at es- 
tablishing a better connection between GPDs and ob- 
servables. In this paper we concentrate on spin-0 nuclei, 
with the aim of disentangling those nuclear effects that 
can be reconducted to the forward EMC effect [2(J • Stud- 
ies of nuclei with different spin, such as the deuteron, are 
at variance with ours since, due the more complex spin 
structure, they involve completely new functions with re- 
spect to the forward case therefore making it less linear to 

investigate the nature of nuclear medium modifications. 
2 

The structure of the cross section for DVCS off a spin-0 
nucleus involves the matrix elements in Eq.QJ, similarly 
to proton case, with few important changes that we de- 
scribe below. In particular, the nuclear GPDs can be 
extracted from similar types of asymmetries as for the 
proton case discussed above. Here we present a calcula- 
tion for the nuclear beam spin asymmetry, A^j (<fi). A^j 
has been recently measured using D, Ne, and Kr targets 
at HERA [n|]. Furthermore, a number of experiments 
are currently planned at HERA [TlJ and Jefferson Lab 
\2\\ . It is therefore now mandatory to provide quanti- 
tative evaluations of the generalized parton distributions 
entering the definition of A^J . This reads: 



.4 



(A) 

LV 



da^ — da^ 
do~^ + da^ 



sm ( 



(4) 



The full expressions for the coefficients s\ and c BH can be 
found in Appendix B of Ref. ^(j an( i will n °t be repeated 
here. One can extract from such expressions the domi- 
nant contribution to Eq.Q) for a spin-0 nucleus, namely: 



s\ oc ^smH A F A (t), 



c B Q H ^[F A {t)]\ 

FA{t) bein g th e nuclear form factor. By adopting the 
notation of |l7l | which extends the variables and functions 



2 Our calculations however can be applied straightforwardly to 
the deuteron Hi function, or to channels where only one of the 
deuteron functions dominates. 



defined in [22 ] to the nuclear case, one can write: 
%mH A (X, C, t) = -^4 [H q A (C, C, t) + H A (C, C, t) 



(5) 

where we have introduced the nuclear GPDs, H q A q \ 

However, for a nuclear target two distinct classes of 
final states can occur, both in DVCS and BH: i) the 
scattering can happen coherently, that is the target nu- 
cleus recoils as a whole while emitting a photon with 
momentum q' (Figs^i and^); ii) the nucleus under- 
goes breakup - or incoherent scattering - the final photon 
being emitted from a quasi-elastically scattered nuclcon 
(FigsUlD andUli). 

The contribution from coherent scattering (Fig's^i,^!) 
is given by a product of amplitudes: 



Icoh({,t)=ICr£ V cs({,t)FBH(t), (6) 



with: 



d 2 P ± dY 
2(27r) a 



M P A (Y,P 2 -X 1 t) 



T N I (_ p 2. (_ . 

■tdvcs \ y' ' Y 



(7a) 



/ d 2 P±dY Kr 
2(2tt) 3 



-Np A {Y,P 2 -X,t)F»{tUTb) 



where the nucleon (N) amplitude, in the small £ approx- 
imation, i.e. by disregarding E q ^\ is given by: 



•'dvcs 



\/W £ e\ [ff'(C, C, t) + HHC, C, t)] (i 



Ea. (|7a|) was derived in I n t ne forward limit - 

t — ► - it yields the Deep Inelastic Scattering (DIS) 
nuclear structure function. Its ratio to the proton ampli- 
tude allows one to study the "generalized" EMC effect. 
Eq. (|7b(l is by definition the nuclear form factor, namely 
F A (t)=F A H (t). 

The kincmatical variables in Eas. l|QI8[l are defined as: 
Y = P+/(P+/A), the Light Cone (LC) nuclear mo- 
mentum fraction taken by the struck nucleon (per nu- 
cleon), X/Y = k + 1 P + , the LC momentum fraction 
taken by the struck quark, P 2 , the nucleon virtuality, 
C = A+/(P+/A), and £/Y = A+/P+, the skewedness 
with respect to the nucleon. Furthermore, Af = (Y — 
£/2)(y / Y(Y — £)), is a normalization factor whose form 
derives from the normalization of the nucleon spinors in 
the off- forward case 0]; p A (Y P 2 ; £, t) is the off- forward 
LC nuclear spectral function [l7l ]. accounting for all con- 
figurations of the final nuclear system (see [23| and refer- 
ences therein for definitions in the forward case). When 
the dependence on P 2 is disregarded, p A can be written 
within a non-relativistic approximation as: 



p» R (Y<;,t) = 2TrM 



dPP$ A (P)$* A (P'). 
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where P, and P 1 are the incoming and outgoing nucle- 
ons three-momenta, <& A is the nuclear wave functions in 
momentum space; E, is the average separation energy 
characterizing the final nuclear system. Ea. (|7all then be- 
comes a longitudinal convolution in the variable Y. 



For incoherent scattering, we consider the matrix ele- 
ments for the nuclear DVCS and BH processes, respec- 
tively, with a break-up of the final nucleus. These can be 
read from Fig^jD and Fig^i, respectively, as: 



J 



M 



inc-DVCS 
^inc-BH' 



U(P', S'nk\P) W + m l% + m l T(k, P)U(P, S) 

icr +v 'A 

[/(P',S')[7+F\W + ——JLF 2 (t)]U(P,S) 



(P + M) 



P 2 -M 2 



r A (p,p A _ 1 )[/ j4 _ 1 (P A ,5) 



2P+ 



2M 



U A . 1 {P A ,S)Y A (P,P A . 1 ) 



(P + M) 
P 2 - M 2 



(9) 
(10) 



r 



where, similarly to Ref.|l7l|. the nuclcon vertex is de- 
scribed by a quark-diquark model, T being the vertex 
function, U(P 7 S), U(P',S') the nucleon spinors; T A is 
the nuclear vertex function, and U A -i describes the A — 1 
system. 

For incoherent scattering, the interference term con- 
tributing to Eq. Q is therefore given in the small £ limit 
by a convolution: 



2(2tt) s 



x T. 



■N 



X 



(11) 



where, within the nuclear impulse approximation illus- 
trated in FiglH no momentum is transfered to the nu- 
clear vertex. Therefore, at variance with coherent scat- 
tering, only the forward LC nuclear spectral function, 



p (Y, P 2 ;( = 0, t = 0), enters the calcula- 



tion. 

Next, we consider the numerical impact of both the co- 



herent and incoherent processes on the asymmetry, A^j . 
By including the contributions of both Eq. © , nd Eq. 
in Eq.QJ, one has: 



.4 



(A) 

LU 



Z 2 [Hvcs(C,t)F A {t)] 



Z 2 F 2 A (t) + ZF 2 (t) 



(12) 



where Z is the number of protons, Fi(t) is the proton 
form factor; in Ea. (|12f> the neutron contributions, H„ r , 
F™, were disregarded. Furthermore, similarly to Ref . [l7| . 
we consider only valence quarks contributions. These are 
expected to dominate the asymmetries at the kinematics 
of [EE! El j namely at low Q 2 and intermediate values 
of Bjorkcn x, xsj- All form factors in Ea. H12(l are nor- 
malized to unity and, correspondingly, Hd = (1/2)H U . 
By setting: 

Zcoh = [^DVCs(C^) F A(t)] , l^icoh = [^WCS.ofC^lW] ) 

the ratio of the nuclear to proton asymmetry at leading 
order can be written as: 



J 



Oct) 



2tA 



Z T. 



Z1L 



F 2 (t) 



Z 2 F 2 (t) + ZF 2 (t) 



(13) 



Notice that in the absence of incoherent scattering, and the ratio: 
in the small £ limit, R^} becomes the off- forward EMC 



effect ratio calculated in llj 



H A ((,t)/F A (t) 

H"(ct)/F*(ty 



(14) 



Fig|21we plot the following quantities: i) Rj^j(^,t), as 
given in Eq. l|13|) : H) the DVCS coherent contribution to 



R 



coh (A) 
LU 



2-rA 



Z Z T 



F 2 (t) 



f P DVCs((,t)Fi(t) Z 2 F 2 (t) + ZF 2 (t) 
Hi) the DVCS incoherent contribution to the ratio 



as) 



The behavior of R Ll }((, t) is shown in Figs|21and[3] In R 



LU 



oh (A) 



zzt 



F 2 (t) 



DVCS 



(Cmit) Z 2 F 2 (t) + ZF 2 (t) 



tte) 



All calculations were performed for the 4 He nucleus, as 
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a prototype of spin-0 complex nuclei 3 using the micro- 
scopic nuclear model described in Ref . [l7j . Results were 
summarized in two panels, Fig|3t and FigEb, in order to 
better illustrate the role played by particles' off-shcllness 
within our microscopic nuclear model. As explained in 
detail in Ref.0| the account of nucleons' off-shcllness 
translates into a different, yl-dependent relation between 
the struck quark's transverse degrees of freedom in a pro- 
ton and in a nucleus, respectively, which is emphasized 
in off- forward observables such as GPDs. Off-shell ef- 
fects are in fact quite noticeable, as seen by comparing 
FigEK: where they were disregarded, and Fig^. More- 
over, both panels show Eas. H13ll5ll6[) at XBj = 0.1 and 
in the range: < t < 0.5 GeV 2 . Clearly, incoherent 
DVCS dominates the asymmetries at t > 0.05 GeV 2 , that 
is in the range of recent HERMES data Also, our 
microscopic approach predicts an enhancement which is 
consistent with the HERMES data. FigOU shows the "co- 
herent" and "incoherent" contributions separately, ob- 
tained by including also separately the contributions in 
the BH term in Eas. (|15fl and (|16|l . These contributions 
could be observed by detecting one of the outgoing nu- 



clear constituents, as planned in future experiments [111] . 
Our calculation points out that the nuclear effects are 
expected to similar, in both cases, since they originate 
from similar modifications of the deep inelastic structure 
of the nucleus, encoded in our model in Eq.JTaJ for co- 
herent, and Ea. l|lljl for incoherent scattering (the two 
equations differ only in the nuclear t dependence, that 
docs not affect the deep inelastic structure). 

In conclusion, we presented for the first time quanti- 
tative evaluations of the coherent and incoherent contri- 
butions to the ratio of the nuclear beam spin asymme- 
try over the proton one. Although incoherent scattering 
dominates current experiments, interesting information 
can still be extracted relating the off-forward EMC effect 
to the previously measured, and still for many aspect 
puzzling, forward EMC effect. The difference between 
the coherent and incoherent cases can in fact be traced 
to the replacement of the off-forward LC nuclear spectral 
function with the forward one in the coherent case. This 
affects the t dependence of the nuclear wave functions, 
and has little impact on the modifications of the deep 
inelastic structure of a bound nucleon. 
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FIG. 1: Amplitudes for DVCS and BH processes from a nu- 
clear target at leading order in Q. (a) DVCS, coeherent pro- 
cess; (b) DVCS, incoherent process; (c) BH, coeherent pro- 
cess; (d) BH, incoherent process. 
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FIG. 2: Ratios B>£$, Eq. fEty . (full line), R 
(dashed line) and Bu££f h \ Eg. 1160 . 



coh (A) 
LU i 



Eq.JTHJ, 

(dot-dashed line), eval- 
uated at XBj =0.1 and < t < 0.5 GeV 2 . In (a) nuclear 
effects were taken into account using a longitudinal convo- 
lution formula, i.e. X(£)-rescaling; in (b) nucleon off-shell 
effects were taken into account (see Ref. ll7|l for more details). 
In both cases, incoherent scattering dominates the asymmetry 
for t > 0.05 GeV 2 . An enhancement at t ~ 0.1 GeV 2 , corre- 
sponding to the kinematics of Ref. llll was found, consistent 
with the preliminary data. 
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FIG. 3: Ratios R L J , Ea. ^lty . calculated including only co- 
herent scattering terms in both the DVCS and BH contri- 
butions to the asymmetry (dashed line), and including only 
the incoherent terms (dot-dashed line). The nuclear model 
including off-shell effects was used in the calculations. Notice 
that the coherent contributions correctly reproduce the off- 
forward EMC effect calculations of Ref. ll7tl . Same kinematics 
as in Fig. 2. 



